Bioaugmentation is a possible remediation strategy for the massive amounts of plastic waste in our oceans and landfills. For this study, soil samples were collected from petroleum polluted locations in the Houston, Texas area to isolate microorganisms capable of plastic degradation.
INTRODUCTION
It is estimated that 300 million tons of plastic waste is generated every year, with [30] [31] [32] [33] million tons originating in the US alone 1 . This number, however, underestimates the plastic burden on the planet as it does not reflect the millions of tons of waste that go unreported each year 2 . The plastics industry is projected to continue its growth, with profits expected to exceed $375 billion annually by 2020 as plastic begins to overtake the medical device sector, and singleuse food and beverage packaging continues to dominate the international food landscape 3 . This is worrisome for many reasons. Over 50% of plastic produced internationally in 2014 went toward single-use plastic food and beverage packaging, which was quickly discarded as waste rather than recycled 3 . This plastic waste accumulates in landfills and oceans, where it can persist for many decades, though estimates for persistence vary. Of the 8.3 billion metric tons of plastic that have been produced since their introduction to the consumer market following WWII, roughly 6.3 billion metric tons are estimated to have become plastic waste, with 79% accumulating in landfills, and 19% ending up in our oceans 1, 4 . This number is most likely an underrepresentation of the plastic currently residing in the oceans as environmental researchers have recently determined that the majority of plastic debris in the ocean resides in deep sea sediments, which act as a plastic sink 5 .
Polyethylene terephthalate (PET) plastic, the focus of this work, is composed primarily of repeating ethylene glycol and terephthalic acid (TPH) monomers. PET's linear structure and high proportion of aromatic components are chemically inert and increase its durability, making it highly resistant to degradation 6 . Its rigid structure and ability to form an effective gas barrier against molecular oxygen make PET a popular choice for use in water bottles and single-serving containers. It is the most commonly produced polymer worldwide, and while its presence in water bottles has been popularized, it is also used in common household goods such as carpet fibers, curtains and fabrics. Polyethylene (PE) and derivatives are a group of polymers that are relatively hydrophobic, chemically inert, possess a high molecular weight and sometimes a branched 3D structure. Each of these shared characteristics reduce their likelihood of being used as a carbon source for microorganisms 7 . Largely resistant to biodegradation, PE and its derivatives can persist in the environment for multiple decades, depending on polymer type 8 .
Biodegradation is the process by which microorganisms, usually bacteria or fungi, induce polymer degradation via assimilation or the release of enzymes that can cleave various molecular bonds within the polymer. Spontaneous hydrolysis, photo-oxidation, and mechanical separation of plastic have been shown to enhance biodegradation by introducing cleavable bonds or simply increasing plastic surface area for colonization 9 . Generally, any microorganism capable of reducing plastic polymers to CO2 and water (aerobic conditions), CO2 and methane (anaerobic conditions), or inorganic molecules and biomass is considered capable of biodegradation.
Biodegradation occurs through four types of processes: solubilization, ionization, hydrolysis and enzymatic cleavage. Solubilization is essential for biodegradation because increased solubility broadens the availability of polymers to biodegrade organisms. Enhancing biodegradation with the use of synthetic or biosurfactants, which can increase the solubility of polymers, have been suggested as a component of bioremediation strategies 10, 11 . Ionization is solubilization brought on by protonation or ionization of a side-chain group present on certain polymers and induced by changes in pH. Spontaneous hydrolysis of side-chain ester bonds can lead to solubilization, while hydrolysis of polymer backbone ester bonds leads to degradation. For hydrolysis to occur, the polymer must contain ester bonds that can be attacked by water and cleaved. For instance, polyester, which contains multiple ester linkages in each monomer, is degraded primarily by spontaneous hydrolysis 12 . Accordingly, synthetic polymers such as PE, polypropylene (PP), and polystyrene (PS) lack natural ester functionality and are resistant to hydrolysis unless they first undergo oxidation.
Enzymatic cleavage of plastic polymers by microbial or fungal enzymes requires two steps.
Initially, secretion and adhesion of the enzyme to the polymer surface is followed by catalysis of primarily ester bond cleavage. Due to this mechanism, plastics that are susceptible to microbial enzyme degradation must either naturally contain ester bonds or be oxidized by another method prior to catalysis. Accordingly, pre-treatment by UV radiation to induce ester functionality via photo-oxidation greatly increased the ability of Brevibacillus borstelensis to degrade polyethylene, and for low-density polyethylene (LDPE) films to be degraded by a mixed culture of Lysinibacillus xylanilyticus and Aspergillus niger 7, 13 . In addition, two Penicillum spp. have been shown to have HDPE and LDPE degrading capabilities 14 . PET on the other hand, is morereadily degraded due to its inherent ester linkages by PETase, an enzyme found in the bacterium Iadonella sakaiensis and cutinases found in multiple fungal species 6 .
Once large complex polymers are unzipped into monomers, oligomers, aldehydes, ketones and other small molecules, they can be absorbed into the cell and used as a source of carbon and energy. Mineralization occurs when these degradation products are reduced to the end products of carbon dioxide, methane, and water. Released CO2 is then absorbed by plants or photosynthetic bacteria. The process of photosynthesis and carbon fixation returns carbon from plastic to the biosphere.
We predict that if plastic degrading bacteria are more ubiquitous than previously thought and can be readily isolated from petroleum-contaminated sites, then these bacteria can be utilized for a bioaugmentation strategy to reduce plastic waste. While it is known that certain bacteria can degrade plastics, PET degradation by lipase positive Pseudomomas spp. has not been described well 15 . Further, little has been done to investigate how bacterial consortia might be utilized for bioaugmentation to optimize degradation and to mitigate PET, or other plastic pollution.
RESULTS
Bacterial Isolation and Screening. To screen isolates for lipase activity, cultures on master plates of LB agar were colony-stamped directly onto Rhodamine B agar plates, incubated and subjected to 365 nm UV light (Fig. 1) . For Rhodamine B plates, olive oil was used as a source of long-chain fatty acids to check for lipase activity. Rhodamine B dye binds to free fatty acids (cleaved by a secreted lipase) and glows when exposed to UV radiation (Fig. 1D) . Thus, the presence of glowing halos around the colonies is indicative of lipase activity. Colonies that appeared lipase-positive by stamping were isolated and re-tested to confirm lipase activity and to isolate pure cultures. In total, 192 colonies were screened after appearing lipase-positive (or growing near lipase-positive bacteria) during initial Rhodamine B screening.
Each colony was repeatedly streaked for isolation and tested via serial Gram staining for purity until pure isolates were obtained (Fig. 2) . Initial Gram stains indicated the cultures were mixed, with varying morphologies, most likely as consortia on the LB agar plates. Therefore, multiple re-streaking was performed. From Consortium 9, two isolates were purified, a Gramnegative rod (Isolate 9.2) and a Gram-positive rod (Isolate 9.1) (Fig. 2) . From Consortium 13, two isolates were also purified, a Gram-negative rod (Isolate 13.2) and a Gram-positive rod (Isolate 13.1). Consortium 10 eventually had a single morphology by Gram stain indicating the consortium was purified to a single isolate (Isolate 10). The Rhodamine B screen using master plates allowed for screening of thousands of colonies for lipase activity, but positive cultures were mixed and thus subsequently reduced to single isolates by streaking to pure culture, tracking progress using Gram staining and colony morphology.
Pure cultures were tested for lipase activity using Rhodamine B agar plates (Fig. 3) Figure 3C ), and thus this was consistent with the 16S rRNA gene sequencing data. The consortia members lacking lipase activity were Bacillus spp. with 100%
identity (E value = 0.0). 16S rRNA genes from Isolate 9.2 and Isolate 10 were amplified from pure isolates, while that from 13.2 had been previously identified from Consortium 13. A refined analysis was necessary to identify the bacteria at the species level. Thus, amplification of the variable regions, V3 to V6 or the rRNA genes, was employed 17 . Isolates 10 and 13.2 were determined to be Pseudomonas putida (99% identity, E values = 0.0). Isolate 9.2 was determined to be Pseudomonas chlororaphis (99% identity, E value = 0.0). Consortia members of 9.1 and 13.1 were identified as Bacillus cereus using this method (99% and 100% identity, respectively, E values = 0.0).
To determine whether the Pseudomonas putida and Bacillus cereus species were unique isolates, we employed RAPD. As seen in Figure 4B, were pretreated with UV radiation, which has been shown to enhance plastic degradation via the introduction of lipase-cleavable ester bonds 7, 13 .
Given that degradation was likely to occur on the surface as opposed to the bulk material, a surface-sensitive technique such as ATR-FTIR is ideally suited to monitor chemical changes of degraded plastics 18, 19 . The averaged spectrum collected for UV-irradiated PET incubated with positively isolated bacteria (13uv) and without (Buv) are shown in Figure with new C=O and O-H peaks suggests bacteria were actively converting plastic into precursors for b-oxidation or the TCA cycle. Using peak intensities, the relative amounts of aliphatic, carbonyl, and ester functionality of the plastic are listed in Table 1 Suspected ester-cleavage and chain-scission occurring on the surface of these samples can be visualized in the difference spectra ( ester indexes that suggest decarbonylation was occurring. These data indicate spontaneous hydrolysis of PET in the carbon-free media was not a favored mechanism during incubation and any observed changes were instead due to the bacteria selected for inoculation. Overall, the decrease in the carbonyl and ester indices typically used as markers for plastic degradation were greatest in the UV pretreated PET samples inoculated with lipase-positive bacteria, suggesting UV treatment and microorganism biodegradation are synergistic for PET plastics.
Difference spectra of LDPE samples under the same treatment conditions as PET are included in supplementary information (Fig. S1 ) along with calculated molecular indices for both LDPE and HDPE (Table S1 and Our data also suggested that the consortia could have varying capabilities to colonize and degrade the plastic or to produce lipase compared to the individual Pseudomonas isolates. To test this idea, we cultured Consortium 9 and individual isolates, taken from bacteria cultured on PET, then inoculated onto Rhodamine B plates to quantify lipase activity. Measuring the ratio of fluorescent halo to growth 16 , Consortium 9 possessed greater lipase activity than either Isolate 9.2 or 10 alone (p < 0.001; Table 2 ). These data indicated that P. chlororaphis cultivated with
Bacillus cereus produced and/or secreted greater quantities of lipase compared to P. chororaphis or P. putida alone.
Evidence of biofilm formation. Biofilm formation is essential for colonization of the plastic by microorganisms and without them, plastic cannot be effectively degraded. SEM allows for the visualization of bacterial colonization and biofilm architecture including extracellular polymeric substance (EPS) deposits which are essential scaffolding for productive biofilms 21 . Both lipasepositive consortia and Isolate 10 were able to colonize and form biofilms on PET, to different extents (Fig. 6 ). Consortium 13 had fewer adherent cells and less EPS deposits on the PET, indicating a reduced ability to form a biofilm on the plastic (Figs. 6A and D) . Interestingly, Consortium 13 was the only consortium without evidence of pili, suggesting 1) that these pili are essential for robust biofilm formation and 2) that this Pseudomonas putida isolate might lack or have mutation(s) in the genes necessary to form pili, preventing robust biofilm formation (Fig.   6A ). Pili permit attachment to the plastic, and adherence between adjacent cells (yellow and red arrows in Fig. 6C , respectively), facilitating colony formation on hydrophobic plastic surfaces.
The biofilm characteristics for each consortium are summarized in Figure 6D , where the blank sample lacked the same indicators of biofilm formation found on bacteria samples. These results demonstrate that, using a lipase screen, biofilm-forming, plastic degrading bacteria can be isolated from petroleum-contaminated soil samples.
DISCUSSION
Due to their highly stable polymeric structure, plastics do not degrade easily, and strategies must be implemented to assist and enhance their degradation. Accordingly, some in the scientific community have focused on plastic-degrading microorganisms as a viable bioaugmentation strategy, harnessing the plastic-degrading capabilities of lipase-producing bacteria and fungi.
Progress has been made in the field, but questions remain. To date, researchers have not identified Pseudomonas spp. lipase degradation of PET 22, 23 , though a cutinase from P.
mendocina was shown to have high affinity to low crystalline PET, with 5% reduction in the mass of samples 24 . To our knowledge, our report is the first to find lipase producing
Pseudomonas isolates that degrades PET, as well as one Pseudomonas isolate with the capability to degrade both PET and LDPE plastics. These data might indicate that multiple enzymatic pathways could be involved in degradation. Additionally, the use of Pseudomonas spp. are a logical choice for developing bioaugmentation strategies to degrade different types of plastic because of the ability of the genus to respire using difficult to degrade compounds as carbon and energy sources 25 . While evidence of gross PET and LDPE plastic will take longer to manifest, the initial stages of plastic degradation can be monitored and assessed with the methods presented herein.
Here, two isolates of Pseudomonas putida, and a Pseudomonas chlororaphis identified by gram staining and 16S ribosomal DNA sequencing, were isolated from the contaminated shoreline of East Galveston Beach, TX. These three isolates were identified through a lipase screen, and Isolate 9.2 appeared to produce more lipase activity than the others (Fig. 3) .
However, as identification of lipase activity is not an absolute confirmation of an ability to degrade plastic, all three lipase-positive consortia (9, 10 and 13) were incubated with plastic strips to confirm biofilm formation.
The ability to form biofilms is essential to colonization of plastic 26 . Biofilms allow for the attachment and protection of bacteria in a scaffold-like matrix and are primarily made up of exopolymeric substance (EPS) composed of polysaccharides, lipids, nucleic acids, and proteins 29 . For instance, biofilm formation on medical devices such as catheters, hip joints, and prosthetic heart valves has been widely reported 27, 28 . Polymers such as glycopeptides, lipopolysaccharides and lipids act as a scaffold that links the biofilm together 30 .
Evidence of pili via SEM, in conjunction with the sequencing data identifying the isolates as 34, 35 . Here, the TFP are associated with islands of EPS as observed with SEM, and bacteria can be found embedded in these rudimentary biofilms (Fig.   6B ).
Pili were not observed in SEM imaging of Consortium 13, though it contained Pseudomonas putida by 16S sequencing. This could be explained by particular mutations in this isolate or because not all Pseudomonads have a TFP system. For example, some Pseudomonas putida lack all the subunits necessary to make functional pili and their surfaces lack these structures 36 . This lack of functional TFP could explain why Consortium 13, which contained one lipase producer and one Gram-positive rod, struggled to colonize PET. The number of bacteria adherent to the surface of the PET was minimal and the EPS production was less than that of the other isolates, observed by SEM (Fig. 6 ). In screening for plastic-degrading bacteria, this further reinforces the need to test for lipase production and the physical ability to colonize the plastic.
Aiding colonization through the addition of biosurfactants could assist in creating biofilms.
Biosurfactants have been shown to both promote and antagonize biofilm formation by allowing for initial colony formation and maintaining nutrient channels essential for a productive mature biofilm, and then promoting their dissolution once migration is necessary 37, 38 . Biosurfactants have the added benefit of increasing hydrophobic surface area to not only aid in the attachment of bacteria, but also to enhance polymer solubility throughout the degradation process 10, 39 Synthetic biosurfactants like mineral oil can also aid in the colonization and degradation of plastic 40 . Though we have not tested for its presence, it is possible that the Bacillus cereus isolates identified as members of Consortia 9 and 13 produce biosurfactants, aiding in colonization and PET degradation.
While these experiments mainly focused on single isolates or consortia with single lipase positive strains, viable bioaugmentation strategies will most likely require the concerted effort of a master consortium of bacteria. Given the many types of plastics to degrade, and the possibility of forming complex biofilms that can degrade plastic faster than any single species, well formulated consortia are the most viable bioaugmentation strategy. It has already been shown that a naturally selected plastic-degrading consortium can degrade plastic faster than individual isolates of that consortium 41 . Consistently, we found that a consortium of B. cereus and P.
chororaphis exhibited greater lipase activity than singly cultured Pseudomonas isolates (Table   2 ). Further, consortium-based approaches to bioaugmentation pollution clean-up have been successfully utilized before, such as in the aftermath of the Deepwater Horizon oil spill 42 .
Pretreatment of plastic with UV radiation has been shown to enhance biodegradation of some plastics through free radical formation and introduction of ester functionality into the hydrocarbon backbone of plastic polymers 7 . This work further supports those results as evidenced by the values in Table 1 where substantial chemical changes were only observed for lipase-positive treatments of PET strips pretreated with UV prior to inoculation. While plastic samples in this study were exposed for 30 minutes, some biodegradation studies have exposed plastic polymers to UV light for up to 8 weeks at 365 nm 43, 44 .
Further work is also underway with increased incubation times to observe larger spectroscopic and gravimetric changes, and compare with other plastic degradation studies carried out over 6 months or longer 45, 46 . When compared to either blank or E. coli treatments, PET incubation with all three lipase positive bacteria showed 1) a significant decrease in both the carbonyl and ester indexes with 2) an increase in the aliphatic index. Consortium 13 showed the most promising results for PET degradation (Table 1 , Fig. 5B ), but also the largest absolute error which may explained by incomplete biofilm formation and subsequent colonization.
We also incubated the lipase positive bacteria with HDPE and LDPE from milk jugs and plastic bags, respectively. Significant changes were not observed in any lipase positive HDPE samples. However, Isolate 10 showed similarly promising results in degrading LDPE and PET ( Fig. S1 and Table S2 ). We focused on the degradation of PET, but these data indicated that the isolates varied not only in their PET degrading capabilities, but also the capability to degrade different types of plastic pollutants. The lipase screen in this work used olive oil as the carbonsource, which is primarily composed of oleic acid, a monounsaturated fatty acid (C18:1). Thus, "lipase-positive" isolates were selected for the ability to utilize primarily ester (-COOR) or midchain olefin (-CH=CH-) groups as a food source. Given the chemical properties of olive-oil are more similar to PET than LDPE or HDPE, it is not surprising the lipase-positive bacteria identified in this work were shown to have lower activity with PE. Furthermore, PE derivatives are much more hydrophobic than PET due to a lack of abundant C-O bonds, which could inhibit biofilm formation and adhesion required for optimal active-site binding from the secreted enzymes. Moreover, biodegradation pathways for PE are not predicted to be the same as for PET and may require a monooxygenase as opposed to a lipase to induce significant biodegradation 20 .
The degradation pathway for PET is not as well studied as the pathway for PE degradation, but some mechanistic studies have identified how certain bacteria and fungi are able to utilize PET as a sole carbon source 6 . In general, a major product of PET degradation is the monomer mono(2-hydroxyethyl) terephthalic acid (MHET) and eventually bis(2-hydroxyethyl) terephthalic acid (BHET). PETase is secreted and breaks down PET to MHET, which is broken down by secreted MHETase to terephthalic acid (TPA) and ethylene glycol. Future studies will be necessary to identify the byproducts produced during PET degradation by the Pseudomonads isolated in this study.
Ideally, a viable consortium-based bioaugmentation strategy would consist of growing plastic degrading bacteria within a contained, carbon-free system. This would ensure that bacteria would utilize and degrade only plastic waste that was introduced into the system. Pre-treatment of plastic would occur prior to bacterial degradation to render the inert polymer more amenable to bacterial degradation. Specifically, plastic waste would be subjected to UV-pretreatments, or other means to introduce ester linkages into the inert polymer backbone that are more easily recognized and cleavable by bacterial lipases. The waste would also be subjected to mechanochemical grinding into smaller fragments, resulting in more surface area for the bacteria to colonize. The plastic waste would then be fed into the contained system to be degraded. End products from the process would include bacterial biomass, that could be used as fertilizer, and carbon dioxide. While much work is needed to bring bacterial degradation of waste plastics to the industrial scale, our work, and that of others indicate that bioaugmentation is a viable strategy to help mitigate the immense pollution problem that we humans have created. Colonies grown on LB agar were screened for bacterial lipolytic activity via a colony lift assay from the LB plate to Rhodamine B agar. The Rhodamine B plates were inverted and incubated for 24 hours at 26 °C. Colonies producing lipase on Rhodamine B agar were identified as those that produced fluorescent halos when exposed to a UV trans-illuminator at 365nm and were re-streaked onto individual LB plates for isolation and purification (see Figure 1 ). E. coli MC4100 was used as a negative control. This assay was repeated to ensure isolated strains remained lipase positive.
MATERIALS AND METHODS

Soil
Purifying cultures. One hundred ninety-two colonies were screened for lipase activity on Rhodamine B plates. One hundred seventy-eight were negative, with 14 colonies initially being positive. Three colonies remained lipase positive on Rhodamine B plates. Overnight cultures of the 3 bacterial colonies were repeatedly streaked on LB agar to obtain pure cultures. Gram staining was utilized to help confirm bacterial strain purity and to corroborate 16S PCR results.
Gram Staining. One sterile loop of liquid culture (OD600 = 1.0) was spread onto sterile glass slides and heat fixed. The slide was flooded with crystal violet for 1 minute, washed with diH2O for 5 seconds, flooded with Gram's iodine for 1 minute, washed with diH2O for 5 seconds, flooded with 95% EtOH for 10 seconds and flooded with safranin for 1 minute, prior to a final diH2O rinse and blotting with bibulous paper. Slides were visualized using 1000x magnification.
Images were captured using a Keyence BZ-X700 inverted fluorescence and color microscope.
16S rRNA gene PCR and DNA sequencing. Colony PCR was performed using universal 16S
primers (Table S3 ) on the three lipase-positive strains and two additional isolates from Consortia 9 and 13, using a standard thermocycler program 51 . The PCR products were imaged in a 1.2%
agarose gel in TAE buffer run at 110 mV for 30 minutes. PCR products were cleaned using a GENECLEAN (MP Biomedicals, Santa Ana, CA) and resuspended in sterile water.
Following DNA sequencing at ACGT, INC. (http://www.acgtinc.com/) sequences were aligned using BioEdit 7.2.5 biological sequence alignment editor. Prior to alignment, chromatograms were checked to ensure quality sequences and the first ~25-30 nucleotides from each sequence were eliminated due to sequencing artifact. Gaps were inserted manually until maximum alignment had been achieved. No chimeric sequences were observed. Only the core sequence with 100% agreement (150-764 nucleotides) was used to determine genus identity.
Genus identification was done using nucleotide BLAST (BLASTn), and identity cutoffs were set to only those matching 100%. The 100% identity metric was employed due to the conserved nature of the 16S rRNA gene targeted by these primers and conserved regions of the 16S rRNA gene can tolerate very few base pair changes and thus a single base pair may be the difference between two genera 51 . Primers directed to the V3-V6 region of the 16S rRNA gene were used for identification at the species level 52 . water and air-dried. A ThermoScientific iS5 infrared spectrometer and id7 diamond-ATR attachment was used to acquire spectra from 4000 -450 cm -1 (4 cm -1 resolution) with Omnic software. Data were transformed using an N-B strong apodization and Mertz phase correction.
Random Amplification of
Three areas were analyzed for each sample to obtain spectra that represent the average condition of the plastic surface. All infrared spectra were normalized by peak intensity to common C-H bending modes used for spectral normalization of these polymers: 1409 cm −1 for PET and 1368 cm -1 for LDPE and HDPE.
Biofilm imaging by scanning electron microscopy (SEM). Plastic samples were soaked in 2%
phosphate buffered glutaraldehyde for cell fixation. For post-fixation, samples were submerged in 2% osmium tetra-oxide in an ice bath for 3 hours. The samples were then dehydrated in graded EtOH (50, 75 and 100%) baths for 15 minutes each before undergoing critical point drying with CO2. Dried samples were sputter-coated with gold using a Leica ACE600 Coater prior to imaging with a FEI Helios Nanolab 660 DualBeam FIB-SEM and TLD detector operating at an accelerating voltage of 2 kV with 1 µs dwell time.
Statistics. Peak intensity ratios for ATR-FTIR were calculated using the average intensities from nine spectra (3 measurements x 3 samples for each condition) and standard deviations were used to propagate errors prior to calculation of confidence intervals (n=9, a=0.05). of that bond, respectively. All spectra were averaged (n = 9) and normalized by PA to das at 1408 cm -1 prior to spectral math. 
